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the growing coat? If so, how and why? Some evidence the ratio of two different forms of FRQ, each of which
on its own has the ability to keep time over a differentpresented by Ringstad and colleagues supports this
peripheral localization of endophilin I in the clathrin- temperature range (Liu et al., 1997). In a second exam-
ple, Drosophila collected from the wild display a poly-coated bud. Perhaps steric hindrance prevents endo-
philin from being included inside the coat, and clathrin morphism in a threonine±glycine dipepetide repeat near
the middle of the PERIOD (PER) clock protein, and theseassembly occurs only after the enzyme is displaced. It
may also be efficient to have the reaction leading to subtly different PER forms are better suited to withstand
the ranges of temperature found in their environmentslipid shape alteration occur at the edge of the growing
bud, where the curvature needs to be changed the most. (Sawyer et al., 1997).
The latter study suggested a relationship betweenAs the bud grows, what was once the edge (with nega-
tive curvature) gradually becomes part of the interior PER protein and temperature regulation. Now, in this
issue of Neuron, Majercak et al. (1999) find a connectionmembrane (with positive curvature)Ðso having cone-
shaped lipids inside no longer makes sense. Do cone- between per RNA, temperature, and siesta-time. per
RNA cycles with a peak once every 24 hr. The authorsshaped lipids stay at the edge by continually moving
laterally toward the edge of the growing coat? Does show that per RNA accumulates to higher levels and at
an earlier time in each cycle at 188C compared to 298C.endophilin-mediated lipid modification actually provide
the driving force to form appropriately curved membrane Furthermore, they find that this correlates with increased
splicing of the intron closest to the 39 end of the per 39and clathrin coats? Since the lipid composition of the
vesicle membrane is modified during its formation, a UTR at 188C. This is a rapid response: a shift down in
temperature increases splicing of this intron, leading toreverse modification must occur elsewhere if equilibrium
is to be maintained. Does this reverse modification occur higher per RNA levels within an hour.
Majercak et al. (1999) then tested the simple ideaafter the vesicle fusion event? The pace of investigation
in this field guarantees speedy answers to these and that per RNA lacking this intron would mimic the 188C
increased amplitude per RNA cycles. They tested fliesother questions.
transformed with either per DNA already missing the 39
intron or with per DNA in which splicing is prevented.Venkatesh N. Murthy
Surprisingly, in both cases the flies failed to show theDepartment of Molecular and Cellular Biology
188C increase in per RNA. In contrast, a wild-type perHarvard University
transgene behaved like the endogenous gene. There-Cambridge, MA 02138
fore, they concluded that the act of splicing itself, rather
Selected Reading than the structure of the RNA, is the primary determinant
of different per RNA levels at different temperatures.
Marsh, M., and McMahon, H.T. (1999). Science 285, 215±220. There are precedents for this: in cell culture, splicing of
Ringstad, N., Gad, H., LoÈ w, P., Di Paolo, G., Brodin, L., Shupliakov, the 39-most intron can stimulate 39 end formation,
O., and De Camilli, P. (1999). Neuron 24, this issue, 143±154.
thereby increasing the production of mature mRNA
Schmidt, A., Wolde, M., Thiele, C., Fest, W., Kratzin, H., Podtelejni- (Nesic et al., 1993). It will be interesting to find out
kov, A.V., Witke, W., Huttner, W.B., and Soling, H.-D. (1999). Nature
whether splicing is generally temperature dependent401, 133±141.
in Drosophila, or whether this is specific to the per 39
intron.
The consequence of an earlier and higher per RNA
peak at 188C is earlier PER protein accumulation. Strik-
ingly, the early accumulation of PER at low temperaturesSiesta-Time Is in the Genes is correlated with changes in the timing of locomotor
activity. Unlike the bursts of activity observed at 258C
centered around dawn and dusk, flies at 188C have a
single broad daytime peak of activity, with no siesta.In hot climates, as Noel Coward remarked, only ªmad
There was previous evidence that the per gene candogs and Englishmen go out in the midday sun,º while
regulate the timing of fly activity from experiments com-the locals seem hardwired to take an afternoon siesta.
paring different fly species. The daily activity of D. mela-Temperature also affects activity elsewhere in the ani-
nogaster and D. pseudoobscura at 258C differs, with D.mal kingdom. One example is garter snakes, which are
pseudoobscura active primarily at dusk. Petersen et al.active at night in warm temperatures, by day at cold
(1988) showed that this was due to the different pertemperatures, and show activity around dawn and dusk
genes, since transforming the melanogaster fly with the(with a siesta in between) at intermediate temperatures.
pseudoobscura per gene resulted in pseudoobscura-How does temperature regulate these changes in be-
like dusk-active animals.havior?
Aside from temperature, the other major environmen-Daily changes in activity are controlled by the circa-
tal stimulus that alters the circadian behavior of flies isdian clock. In the best-studied cases, these clocks are
light. TIMELESS (TIM), the protein product of a secondbased on gene products that oscillate to produce a self-
clock gene, binds and stabilizes PER in the cytoplasm,sustaining negative feedback loop (reviewed by Dunlap,
and the PER±TIM complex then translocates to the nu-1999). There are instances of temperature affecting
cleus. It is well established that light degrades TIM (re-clock gene products themselves. One example is the
viewed by Young, 1998). PER±TIM complex formationNeurospora oscillating clock protein, FREQUENCY (FRQ).
Translation initiation is regulated by temperature to change is delayed if flies are exposed to light while the complex
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take a siesta, at least for Drosophila, really is hardwired
into the genes.
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is accumulating because TIM is degraded and PER be-
comes unstable in the absence of TIM. Majercak et al.
(1999) show that at 188C a longer period of daylight
delays both PER accumulation and evening activity.
Therefore, the fly clock can read light and temperature
independently, integrating these cues by regulating the
timing of accumulation and overall levels of the PER±TIM
complex. This integration is summarized in the figure.
It makes seasonal sense because the combination of
more per RNA in the cold, and less TIM degradation in
shorter days, reinforces early PER±TIM accumulation in
winter, precluding a siesta. Majercak et al. (1999) also
show that tim RNA levels respond to both light and
temperature, but since the mechanism is unclear, we
only include small arrows.
So how does the early accumulation of the PER±TIM
complex prevent a siesta? This is the key unanswered
question highlighted by these experiments. It is well
established that when PER and TIM translocate to the
nucleus, they negatively regulate transcription of their
own genes (reviewed by Hardin, 1998). It is likely that
they also regulate additional clock-controlled genes,
which may link the clock to output pathways that deter-
mine behavior. Indeed, Jin et al. (1999) have shown that
mammalian PER and TIM can directly regulate vaso-
pressin gene expression in the mammalian pacemaker.
Therefore, changes in the levels of the PER±TIM com-
plex could change the magnitude and duration of the
responses of downstream genes. Additionally, there is
evidence for posttranscriptional regulation of clock-
controlled genes (So and Rosbash, 1997), and this may
involve the PER±TIM complex as suggested by the stud-
ies of Suri et al. (1999). Clearly, the identification of
additional PER±TIM targets will help us understand how
the molecular cycles of the clock are transformed into
behavioral signals. In summary, the finding that temper-
ature regulates clock genes means that the decision to
